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Introduction
A rhegmatogenous retinal detachment (RRD) is a sight-threatening retinal disease, and currently, the only treatment for a RRD is a surgical reattachment of the retina. [1] Despite the high level of anatomic success of retinal reattachment surgery, [2] [3] [4] the improvement of the central vision may remain compromised because of functional damages to the retina during the detachment period. [5, 6] The preoperative factors reported to be associated with the functional recovery following reattachment of a macula-off RRD include the preoperative best-corrected visual acuity (BCVA), [7] duration of the macular detachment, [8] [9] height of the macular detachment, [10] [11] and age of the patient. [4] However, these preoperative factors can depress the preoperative vision in eyes with macula-off RRD. Thus, clinicians cannot predict the postoperative visual outcomes accurately in eyes with macula-off RRD. A search of Medline with key words, 'macula-off RRD', 'BCVA' and 'vitrectomy', extracted many publications which examined the recovery of the BCVA during the postoperative period. However, none of the studies examined the BCVA at the very early postoperative period, e.g., at 2 weeks. Thus, it is still not known what perioperative factor is the best predictor of the final BCVA after successful reattachment of eyes with a macula-off RRD.
Currently, optical coherence tomography (OCT) is being used to evaluate the microstructures of the photoreceptors. Many OCT studies have demonstrated that the integrities of the retinal hyperreflective outer bands, e.g., the external limiting membrane (ELM), the ellipsoid zone (EZ), and cone interdigitation zone (CIZ), are significantly correlated with the BCVA following a retinal reattachment. [12] [13] [14] [15] [16] [17] [18] However, it is difficult to evaluate these retinal outer bands in the preoperative or the very early postoperative period because of the distortions of the detached retina.
Recent improvements in the resolution of spectral-domain (SD)-OCT instruments have made it possible to obtain clearer images of the foveal microstructures. The findings have allowed clinicians to follow the recovery process after reattachment surgeries more precisely and accurately. It has been reported that there was a significant correlation between the presence of a foveal bulge and good BCVA after successful RRD reattachment by vitrectomy. [18, 19] However, a foveal bulge is first observed usually postoperatively at 2 month in eyes with successful macula-off RRD surgery. [18, 19] This indicates that the presence of a foveal bulge is probably not the best structure to use at the very early postoperative times to predict the final BCVA.
Dell'Omo et al. [20] and Terauchi et al. [21] performed serial evaluations of changes in the retinal layer thicknesses at the same location by SD-OCT, and they reported a significant increase in the thickness of several central retinal layers one month after the reattachment surgery. The distance between the EZ and RPE, the EZ-RPE thickness, was reported to be significantly correlated with the BCVA at 1 month following successful reattachment of a macula-off RRD. [20] However, there have been no reports evaluating the retinal layer thickness and BCVA in the very early postoperative stage, e.g., less than 1 month following the surgery.
Thus, the purpose of this study was to evaluate the BCVA, the integrity of the retinal outer microstructures, and retinal layer thicknesses beginning 2 weeks after a successful reattachment by vitrectomy. In addition, we also determined the factors in the perioperative period that were significantly correlated with a good BCVA at the final examination after a reattachment of a macula-off detached retina by vitrectomy.
Patients and methods

Ethics statement
The procedures used in this observational, comparative, single-center study conformed to the tenets of the Declaration of Helsinki, and they were approved by the Institutional Review Board and Ethics Committee of the Nagoya University Graduate School of Medicine. Written informed consent was obtained from all patients.
Subjects
We reviewed the medical records of all patients who had undergone successful RRD repair by vitrectomy at the Nagoya University Hospital from January 2012 to January 2015. All patients had a retinal detachment involving the macula, i.e., a macula-off RRD, and they were evaluated by SD-OCT macular scans pre-and postoperatively.
All patients had a comprehensive ophthalmic examination including measurements of the BCVA, intraocular pressure (IOP), and axial length. They also had slit-lamp, ophthalmoscopic, and SD-OCT examinations before and at 2 weeks, and 1, 2, 3, 6, 9, and 12 months after the surgery. The Snellen VA values were converted to the logarithm of the minimum angle of resolution (logMAR) units for the statistical analyses.
Surgical techniques
Standard 3-port pars plana vitrectomy was performed with 25-gauge instruments as described in detail previously. [18] None of the patients had concurrent scleral buckling surgery. Cataract surgery was performed through a 2.4-mm self-sealing superior sclerocorneal tunnel. A continuous curvilinear capsulorhexis was performed, and the lens nucleus was removed, and the residual cortex was aspirated with an irrigation/aspiration tip. Next, a foldable acrylic intraocular lens was implanted into the bag. A trocar was then inserted at approximately 30˚paral-lel to the limbus with the bevel-side up. After creating 3 ports, vitrectomy was performed using the Constellation 1 system (Alcon Laboratories, Inc., Fort Worth, TX). After fluid-air exchange and subretinal fluid drainage from the causative retinal tear(s) or an iatrogenic hole, the causative retinal tear(s) or iatrogenic hole was photocoagulated. At the completion, 20% sulfur hexafluoride (SF 6 ) was injected into the vitreous cavity. After the IOP was adjusted to a normal tension, the cannulae were withdrawn, and the sclera was pressed and massaged with an indenter to close the wound.
Measurements of optical coherence tomographic images
A Spectralis SD-OCT instrument was used to obtain all SD-OCT images. We evaluated the horizontal cross-sectional images recorded at each visit after the successful retinal reattachment. As described in detail previously, [18] the thickness of the retinal layers was measured on the same selected central foveal scan throughout the follow-up period using the computerbased caliper measurement tool of the SD-OCT system. Briefly, the EZ-RPE thickness which is equivalent to the thickness of the outer segments (OS) of the photoreceptors was defined as the distance between the outer border of EZ and the inner border of RPE. [22] The integrity of the foveal ELM, EZ, and CIZ was evaluated for a 1-mm-diameter area of each image on a 4-point scale: 1, line not visible; 2, line disruption >200 μm; 3, line disruption <200 μm; and 4, continuous line. Identical measurements were performed on the fellow eyes as controls.
Exclusion criteria
Eyes were excluded if; dense ocular media, e.g., severe cataract, vitreous hemorrhage, vitreous opacity were present, macular abnormalities, e.g., macular hole, vascular occlusive diseases, or diabetic retinopathy, were present, proliferative vitreoretinopathy (PVR) !grade C, [23] and clinically evident postoperative changes that were likely to interfere with accurate evaluation of retinal layers, e.g., recurrent RRD, epiretinal membrane, cystoid macular edema, or persistent subretinal fluid (SRF), were present. In addition, patients who had SRF at 2 weeks after the surgery were excluded because it was not possible to measure the retinal thickness especially the EZ-RPE thickness accurately.
Statistical analyses
The values are presented as the means ± standard deviations. Independent t tests were used to compare the normally distributed data and the Chi-square test for the categorical data. The Pearson's correlation coefficient test was used to determine the significance of the associations between each parameter and the BCVA. Multiple linear regression analyses were used to evaluate the association between the final BCVA and the perioperative independent variables.
Results
Demographics of patients and exclusion criteria
Between January 2012 to January 2015, 72 eyes of 72 patients with macula-off RRD underwent vitrectomy in our department for the repair of a RRD. Of these, 43 eyes were excluded for the following reasons; presence of proliferative vitreoretinopathy grade C or worse (n = 4), vitreous hemorrhage (n = 1), macular hole (n = 1), diabetic retinopathy (n = 1), postoperative development of dense cataract (n = 2), macular edema (n = 3), subretinal fluid (n = 6), significant epiretinal membrane (n = 1) at any time during the follow-up period with the presence of subretinal fluid for more than 2 weeks (n = 2), or an incapacity to attend regular follow-up visits (n = 22). As a result, 29 eyes with macula-off RRD were included in the final analyses. The demographics and surgical parameters of the patients are shown in Table 1 . Changes of BCVA following vitrectomy in eyes with macula-off RRD
In eyes with macula-off RRD, the mean BCVA was 1.29 ± 0.76 logMAR units before the surgery, 0.55 ± 0.28 logMAR units at 2 weeks, 0.43 ± 0.28 logMAR units at 1 month, 0.36 ± 0.27 logMAR units at 2 months, 0.36 ± 0.27 logMAR units at 3 months, 0.29 ± 0.25 logMAR units at 6 months, 0.24 ± 0.28 logMAR units at 9 months, and 0.22 ± 0.24 logMAR units at 12 months following the surgery. The BCVA was significantly better than the preoperative BCVA at all times (P <0.001; Fig 1A) . The mean BCVA in eyes affected by macula-off RRD at 12 months remained poorer than that of the fellow eyes (0.00 ± 0.13 logMAR units) at 12 months following the vitrectomy (P <0.001).
The improvement of the BCVA from the preoperative BCVA to Week 2 (-0.74 ± 0.69 log-MAR units) was the largest improvement between consecutive observational periods, and it was significantly better than that from Week 2 to Month 12 (-0.31 ± 0.22 logMAR units; P <0.001; Fig 1B) . The improvement of the BCVA became smaller with increasing time, and the improvement of BCVA from Week 2 to Month 1 was the second largest but the improvement was not significantly larger than that between Month 1 to Month 2. 
Changes of EZ-RPE thickness and the integrity of retinal microstructures of photoreceptors following surgery for macula-off RRD
The restoration of the retinal microstructures after surgery is shown in Fig 2. In eyes affected by macula-off RRD, the mean EZ-RPE thickness was 6.6 ± 7.8 μm at 2 weeks, 18.5 ± 13.1 μm at 1 month, 26.6 ± 14.7 μm at 2 months, 30.2 ± 12.8 μm at 3 months, 33.8 ± 10.9 μm at 6 months, 34.5 ± 11.4 μm at 9 months, and 36.2 ± 10.6 μm at 12 months following the surgery.
The increased thickness with time was significant (P < 0.001; Fig 3A) . The mean EZ-RPE at Week 2 was significantly thinner than that at Month 1 (P < 0.001), and the increase in the thickness from Week 2 to Month 1 following surgery (12.0 ± 11.3 μm) was the largest between adjacent observational periods (Fig 3) .
The mean scores of the integrity of the ELM, EZ, and CIZ at Week 2 were 3.4 ± 0.8, 2.4 ± 0.9, and 1.1 ± 0.2, respectively.
Fig 2. Representative SD-OCT image of an eye with macula-off RRD before surgery (A). The thickness and reflectivity of the outer retinal bands were normal in the unaffected fellow eye (B). The ELM, EZ, and CIZ appeared fragmented and thin at 2 weeks after surgery (C).
A progressive increase in the reflectivity of the outer bands can be seen with time. The length and reflectivity of the outer bands became similar to that of the fellow eye at 12 months postoperatively. The thickness of the outer bands remained thinner than that of the corresponding bands in the fellow eye (C).
https://doi.org/10.1371/journal.pone.0184783.g002 Fig 1) . The BCVA at Week 2 was significantly correlated with the EZ-RPE thickness at Week 2 (r = -0.48, P = 0.008). In addition, the BCVA at Month 12 was significantly correlated with the EZ-RPE thickness at Month 12 (r = -0.68, P < 0.001). None of the preoperative parameters were significantly correlated with the final BCVA. The final BCVA was correlated with the EZ-RPE thickness at Week 2 (r = -0.40, P = 0.036) and the integrity of the ELM (r = -0.61, P = 0.003) and the EZ (r = -0.62, P = 0.001) at Week 2.
Multiple stepwise regression analysis of the final BCVA (Table 2) showed that the BCVA at Week 2 (P = 0.017) and the integrity of the EZ at Week 2 were independent and significant factors associated with the final BCVA (P = 0.006).
Discussion
Our results showed that the largest improvement of the BCVA was between the preoperative BCVA and that at Week 2 of any adjacent observation periods, and it was even greater than that from Week 2 to Month 12. The BCVA at Week 2 was significantly and positively correlated with that at Month 12, while the preoperative BCVA was not correlated with the BCVA at Month 12. The EZ-RPE thickness and the integrity of the ELM and the EZ at Week 2 were significantly correlated with the BCVA at Month 12. Multiple regression analysis showed that the BCVA and the integrity of EZ at Week 2 were independent predictors of the final BCVA.
The BCVA at Week 2 was already significantly correlated with the final vision although the correlation between the preoperative and final vision was not significant. In addition, the improvement of visual acuity before surgery to Week 2 was greater than that from Week 2 to Month 12. Week 2 is very early in the recovery period, but the retina was attached successfully and the SRF was not present at the fovea at this time in all of the eyes. These results indicate that the detachment of the fovea was the cause of the reduced visual acuity.
Although many factors have been found to influence visual recovery in eyes with a maculaoff RRD, the most important predictor for visual recovery after macula-off RRD surgery has been reported to be the preoperative vision. [7, [24] [25] [26] However, it was not significantly correlated with the final vision in the present study. We do not know why our results are different from the earlier results, but perhaps the number of patients we studied was too few to evaluate this factor. However, it is more likely that the other preoperative factors, e.g. patients' age [4] and duration of detachment, [8] [9] and height of macular detachment, [10] [11] were more important factors that contributed to the final visual acuity. Accordingly, the status of the many factors contributing to the preoperative vision probably was the reason why no significant correlation was found between the preoperative and the final BCVA. Taken together, our results showed that the preoperative BCVA is affected by the several factors mentioned, and some of these factors, e.g. height of macular detachment are resolved by the re-attachment of retina. This would then cause a significant improvement of the BCVA within 2 weeks following surgery and positive correlation in BCVA between Week 2 and Month 12.
Recent improvements in the resolution of OCT instruments have made it possible to obtain more precise and accurate evaluations of the retinal microstructures not only the integrity of each structure but also a quantitative analysis on the length across the photoreceptor layer. [18, 20, 21] We evaluated the microstructures of the photoreceptors and also measured the EZ-RPE thickness, i.e., the OS length. The mean EZ-RPE thickness was 6.6 μm at Week 2 and increased to 36.5 μm at Month 12. Similar to the improvement of vision, the EZ-RPE thickness increased rapidly in the early postoperative period and more slowly in the later postoperative period.
There have been several reports describing a thinning of the retinal layers following RRD. Experimental studies have demonstrated a loss of the OS of the photoreceptors due to the separation of the photoreceptors from the RPE, thereby disrupting normal OS renewal and leading to OS shortening and eventual degeneration. [27] [28] [29] A variety of changes in several cell types throughout the retina can be caused by detachment of the neural retina from the RPE. The thickness of EZ-RPE at Week 2 was correlated with the BCVA at Week 2. Dell'Omo et al. and Terauchi et al. [21] reported that the OS thickness at Month 1 was significantly correlated with the BCVA at Month 1. Thus, it was not surprising to find a significant correlation between the EZ-RPE thickness and the BCVA even in the very early postoperative period of Week 2. Interestingly, the thickness of EZ-RPE at Week 2 was correlated with the BCVA at Month 12. It has been reported that the increase in the OS length is correlated with the improvement of BCVA. [18] Taken together, eyes with better vision at Week 2 would have longer OSs from the very early postoperative period, and the elongation led to the improvement of the BCVA with time. This would then account for the significant correlation between the thickness of EZ-RPE at Week 2 and the final vision.
Many studies using SD-OCT have demonstrated that integrity of retinal microstructures is significantly correlated with the BCVA following retinal reattachment. [12] [13] [14] [15] [16] [17] [18] It has been reported that the integrity of CIZ is an important factor in obtaining better vision throughout the postoperative period. [18] However, the EZ-RPE is relatively thin at Week 2, and it is difficult to observe the CIZ which is present between the EZ and the RPE in most of eyes using the images recorded with a SD-OCT. On the other hand, the ELM is visible in most of eyes even at Week 2, and the multiple regression analyses showed that the integrity of EZ at a very early postoperative period would be a good predictor of the final BCVA.
Surgeons still cannot accurtely predict the postoperative BCVAs in eyes with macula-off RRD in the perioperative period. Our results suggest that predicting the final BCVA is difficult before surgery because of the many factors that can affect the preoperative vision, but the findings of the BCVA and the integrity of EZ at Week 2 can be good candidates to predict the final BCVA.
There are limitations to this study. First, this was a retrospective study on a relatively small sample which would lower the statistical power of the findings. Second, we did not evaluate the preoperative microstructure of retinal layers and the thickness of retinal layers, because it is difficult to observe these structures accurately in the preoperative SD-OCT images. Therefore, it is unclear whether eyes with longer OSs at Week 2 already had longer OSs preoperatively or had short OSs but they quickly elongated by 2 weeks following surgery. Third, the retinal layer thicknesses were measured manually because automated calculation of retinal layer thicknesses is difficult in eyes which the retinal layers are fragmented and not clearly distinguishable. Fourth, we performed vitrectomy combined with cataract surgery for some patients, but eyes with severe cataract formation were excluded. Accordingly, the vision improvement by cataract surgery should be small in this study. Further prospective studies on a larger number of cases with automated calculation of retinal thicknesses will be necessary to be validated that a good BCVA and the integrity of EZ at week 2 can be suggested as a predictor of long-term visual outcome in eyes following RRD surgery.
In conclusion, the BCVA has improved significantly by 2 weeks following vitrectomy. A good BCVA and the integrity of EZ at week 2 can be good candidates for predicting the final BCVA following vitrectomy in eyes with a macula-off RRD. Visualization: Eimei Ra.
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